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[11 High-elevation tropical mountain regions may be more strongly affected by future
climate change than their surrounding lowlands. In the tropical Andes a significant
increase in temperature and changes in precipitation patterns will likely affect size and
distribution of glaciers and wetlands, ecosystem integrity, and water availability for human
consumption, irrigation, and power production. However, detailed projections of future
climate change in the tropical Andes are not yet available. Here we present first results for
the end of the 21st century (2071-2100) using a regional climate model (RCM) based on

two different emission scenarios (A2 and B2). The model adequately simulates the
spatiotemporal variability of precipitation and temperature but displays a cool and wet
bias, in particular along the eastern Andean slope during the wet season, December—
February. Projections of changes in the 21st century indicate significant warming in the
tropical Andes, which is enhanced at higher elevations and further amplified in the middle
and upper troposphere. Temperature changes are spatially similar in both scenarios, but the
amplitude is significantly higher in RCM-A2. The RCM-A2 scenario also shows a
significant increase in interannual temperature variability, while it remains almost
unchanged in RCM-B2 when compared to a 20th century control run. Changes in
precipitation are spatially much less coherent, with both regions of increased and decreased
precipitation across the Andes. These results provide a first attempt at quantifying future
climate change in the tropical Andes and could serve as input for impact models to simulate
anticipated changes in Andean glaciation, hydrology, and ecosystem integrity.
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1. Introduction

[2] Mountain regions play a critical role for downstream
water supply in the arid and semiarid regions of the tropics
and subtropics, affecting millions of people [Viviroli et al.,
2007]. This is particularly true for the tropical Andes, which
are relatively moist compared with the adjacent hyperarid
coastal desert to the west. Much of the rain and snow falling
in the tropical Andes is initially stored, either as ice in
mountain glaciers or as water, retained in high-altitude
tropical wetlands (‘““paramos’’), before being gradually
released over time [Buytaert et al., 2006; Juen et al.,
2007; Vuille et al., 2008a]. Glaciers and paramos therefore
act as critical buffers against highly seasonal precipitation
and provide water for domestic, agricultural or industrial
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use during the dry season, when rainfall is low or absent.
Yet climate change may soon lead to dramatic changes in
Andean hydrology, with unknown consequences regarding
the availability of water for human consumption, irrigation,
mining, power generation and the social and cultural life of
Aymara and Quechua cultures [Young and Lipton, 2006;
Vergara et al., 2007]. While changes in climate are already
being observed [Vuille and Bradley, 2000; Vuille et al.,
2003] and glaciers are retreating throughout the tropical
Andes [Ramirez et al., 2001; Francou et al., 2003, 2004;
Jordan et al., 2005; Mark and Seltzer, 2005; Ceballos et al.,
2006; Thompson et al., 2006; Mark and McKenzie, 2007;
Seimon et al., 2007; Vuille et al., 2008a] detailed assess-
ments of how climate will change in the 21st century and how
these changes will impact the environmental service provided
by glaciers and wetlands are sorely missing. Here we take a
first step in this direction by simulating different scenarios of
future climate change in the tropical Andes as provided by the
Intergovernmental Panel on Climate Change—Special Report
on Emission Scenarios (IPCC-SRES) [Nakicenovic and
Swart, 2000], using a high-resolution Regional Climate
Model (RCM). Such high-resolution models, run over a
limited domain have been successfully applied in studies of
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weather forecasting, climate prediction and the study of
specific mesoscale circulation systems in South America
[e.g., Roads et al., 2003; Seth and Rojas, 2003; Rojas and
Seth, 2003; Seth et al., 2004, 2007; Fernandez et al., 2006;
Rauscher et al., 2006, 2007; Rojas, 2006] but with a few
exceptions [Fuenzalida et al., 2007; Garreaud and Falvey,
2008; Cook and Vizy, 2008] they have not focused on future
climate change scenarios and to our knowledge, none so far
have focused specifically on the tropical Andes. This
mountain region provides a particular challenge for climate
modeling given the complex topography and the steep
climatic gradients ranging from tropical rain forest on the
eastern slopes to absolute desert along the Pacific coast.
Since GCMs are not capable of adequately resolving these
climatic gradients, some studies have tried to circumvent
this problem by instead analyzing projected temperature
changes in the free troposphere [Bradley et al., 2004, 2006],
but this is not a suitable approach for surface variables such
as precipitation. Regional climate models could yield the
most significant improvement as they are better suited to
resolve the geographic complexity of regional climate. Here
we use the Hadley Centre Regional Climate Modeling
System, PRECIS (Providing REgional Climate for Impact
Studies), nested in the Hadley Centre Atmospheric Model
version 3 (HadAM3) to assess how climate changes under
two different IPCC-SRES scenarios, A2 and B2 between
1961 and 1990 and 2071-2100. We limit our discussion to
variables known to affect glacier energy and mass balance,
such as temperature and precipitation [e.g., Francou et al.,
2003, 2004; Vuille et al., 2008b]. Our model domain
includes entire tropical South America, but we will focus
primarily on changes in the Andes as we are particularly
interested in seeing whether certain changes in climate are
elevation-dependent and whether this elevation dependence
(e.g., temperature lapse rate) is a robust feature of the
climate system or will change under varying greenhouse
gas scenarios. Several analyses are performed separately for
the eastern and western Andean slopes, as observational
studies indicate significant differences in current climate
trends [Vuille and Bradley, 2000]. A more detailed assess-
ment of changes in variables other than temperature and
precipitation, including the atmospheric circulation and of
changes in the lowlands to the east of the Andes will be
provided elsewhere.

[3] The next section provides a description of the RCM
and other data sets used in this study. Section 3 presents an
assessment of how realistically the model simulates current
climate as well as a detailed analysis of how temperature
and precipitation will change under future emission scenar-
ios. We end with a critical discussion of our results and their
implications in section 4, which also includes recommen-
dations for future research on this topic.

2. Data and Methods

[4] The model domain corresponds to South America
between approximately 10°N—27°S and 86°W—44°W
(Figure 1), but in our analysis we focused mainly on the
Andes region to detect and assess climatic changes at high
elevations.

[s] We use the Hadley Centre Regional Climate Model-
ing System, PRECIS, with a 0.44° latitude x 0.44° longi-
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tude (~50 x 50 km) resolution, to assess changes in climate
between today and the end of the 21st century. PRECIS is
based on the third generation Hadley Centre Regional
Climate Model (HadRM3), nested in the Hadley Centre
Atmospheric Model version 3 (HadAM3). The regional
model includes 19 vertical levels from the surface to
approximately 30 km in the stratosphere and solves a
hydrostatic version of the full primitive equations on a
spherical-polar grid [Jones et al., 2004]. PRECIS has been
successfully applied in previous studies to assess future
changes in precipitation and cloud formation in Costa Rica
[Karmalkar et al., 2008], changes in coastal wind strength
off the west coast of South America [Garreaud and Falvey,
2008], extreme events in China [Zhang et al., 2006] and
climate in Bangladesh [Nazrul Islam et al., 2008].

[6] We performed three different simulations to analyze
future climate change in the tropical Andes. The first
simulation (RCM-20C) is a 30-year (1961—-1990) control
run, which provides the baseline for comparison with
scenarios that include increased 21st century greenhouse
gas concentrations. The lateral boundary conditions are
provided by HadAM3, the global driving model, which
has an improved physical parameterization [Pope et al.,
2001] and a relatively high horizontal resolution (1.25°
latitude x 1.87° longitude). Sea surface temperature (SST)
and sea-ice extent are prescribed from observations
(HadISST1) [Rayner et al., 2003].

[7] Two 21st century simulations with increased green-
house gas concentrations (scenarios RCM-A2 and RCM-
B2) were equally laterally forced with HadAM3, but based
on results from IPCC-SRES scenarios A2 and B2. Changes
in future SST were derived by adding the estimated changes
and a linear trend during 2071-2100 from the
corresponding run (HadCM3) to the observed HadISST
values [Jones et al., 2004]. The interannual SST variability
between control and SRES runs therefore remains the same.
RCM-A2 is based on a medium-high emission and high
population-growth scenario (15 billion people and 850 ppm
of CO, concentration by 2100) for the 2071-2100 period
[Giorgi and Bi, 2005]. RCM-B2 on the other hand, corre-
sponds to a lower-emission scenario with reduced popula-
tion growth (10.4 billion people and 550 ppm by 2100).

[8] Here we only report on model results for temperature
and precipitation, which are considered to be of highest
relevance to society, ecosystem integrity and glacier mass
balance in the tropical Andes. The model performance was
assessed by comparing results from RCM-20C with obser-
vational data for the same period. We extracted gridded
monthly precipitation and temperature data over the RCM
domain from the CRU TS 2.1. data set [Mitchell and Jones,
2005], available for the entire period 1961—1990 on a 0.5
latitude x 0.5 longitude grid. Since the CRU data are only
available over land it was merged with 2.5 longitude x 2.5
latitude monthly Climate Prediction Center (CPC) Merged
Analysis of Precipitation (CMAP) [Xie and Arkin, 1997]
data to get an estimate for the model performance over
nearby oceanic areas as well. However, unlike CRU, CMAP
data are only available since 1979, as it represents a blend of
observational in situ rain gauge measurements with satellite
data. Model results from PRECIS were resampled onto the
CRU grid for validation purposes. Where only model
simulations are compared (e.g., difference between 2071
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